A B S T R A C T This study documents the development of alkalosis in patients returning to caloric intake after a period of starvation and investigates the mechanisms responsible for this metabolic alteration. We studied the acid-base status, bicarbonate reabsorption, acid excretion, and sodium metabolism during fasting and glucose refeeding in 19 patients receiving sodium supplements.
Metabolic alkalosis developed promptly in all of the subjects who terminated an 18 day fast with 300 g of glucose daily for 4 days. Tubular maximum reabsorptive capacity for bicarbonate and renal bicarbonate threshold determinations were performed at varying intervals in six and seven subjects, respectively, who had fasted for 3-18 days. The results demonstrated that bicarbonate reabsorptive capacity was normal or low during early fasting, markedly elevated during the 2nd wk; and moderately elevated during the 3rd wk of fasting. Glucose administration at all stages of fasting caused a further increase in bicarbonate threshold.
Sodium balance during fasting with sodium supplements was found to follow a triphasic pattern, with the occurrence of a natriuresis during the 1st wk followed by a period of sodium retention after which neutral daily sodium balance was reestablished. Correlation of bicarbonate reabsorption with sodium homeostasis indicated a slight decrease in renal bicarbonate threshold during the natriuretic phase, a marked increase in bicarbonate reabsorption during the period of sodium retention, and a continued moderate elevation of threshold after sodium balance was reestablished. This relationship was interpreted to indicate that changes in bicarbo-INTRODUCTION That fasting patients may develop systemic alkalosis when they resume food intake has been reported (1, 2) but not investigated. We studied this metabolic alteration in normal human volunteers and have established that this occurs regularly in the postfasting state. In order to elucidate the mechanism of this phenomenon, we measured acid excretion, bicarbonate reabsorption, and sodium metabolism during fasting and refeeding with glucose in individuals given various sodium supplements. Results indicate that the alkalosis of refeeding is due to an increased renal tubular bicarbonate reabsorptive capacity resulting directly from fasting, which is further accentuated by carbohydrate refeeding. These findings appear to be related to changes in renal tubular handling of sodium both during fasting and upon refeeding.
METHODS
19 moderately obese but otherwise healthy female volunteers were admitted to the Clinical Study Unit of Gorgas Hospital to fast for purposes of weight reduction. Their age ranged from 18 to 45 yr (average 32.3) and weight from 64.1 to 90.8 kg (average 76.6). Initial evaluation studies, including history and physical examination, complete blood count, urinalysis, chest X-ray, electrocardiogram, serum electrolytes and proteins, endogenous creatinine clearance, colony count, protein excretion, and glucose tolerance test were within normal limits. These studies were conducted over a 4 day period while the volunteers consumed a diet of 1800 cal containing 40 mEq of potassium and either 102 or 160 mEq of NaCl daily. All subjects had normal bicarbonate thresholds before fasting as their serum bicarbonate concentrations were less than 28 mmoles/liter and all had random urine specimens with pH values greater than 6.10. Sodium excretion was within 20 mEq of intake on the 1st day of fasting in all subjects. Patients remained ambulatory in the air conditioned unit for the duration of the study. During fasting and refeeding all subjects received 50 mg of thiamin and 60 mEq of KCl/day, and distilled water ad lib. in addition to the sodium supplements. Electrolytes' were administered in small doses over a 14-18 hr period under direct observation of the nursing staff. Nausea was experienced but vomiting did not occur. Patients were weighed daily on a metabolic balance after emptying the bladder, before any intake, and in the same state of attire.
All urine voided during the observation period was collected under refrigeration at 40C in 24-hr specimens in vessels containing thymol, phenyl mercuric nitrate, and mineral oil. Completeness of collections was verified by creatinine content. Venous blood was collected daily without stasis and before any intake or activity. Determinations of pH, Pco2, and intratable acidity (TA)2 were made immediately, and portions of serum and urine were frozen for later determinations of other parameters. 15 subjects received NaCl 102 mEq/day both equilibration and fasting, four received NaCl 160 mEq/day during equilibration but during fasting received this amount of NaHCO,. This regime was terminated in five subjects after the 18th-21st fasting day by a refeeding study during which they received 1200 cal/day of glucose while continuing the ingestion of electrolytes. In six subjects, fasting was terminated on day 3, 5, 7, 9, 11, or 15 by the determination of tubular maximum reabsorption of bicarbonate. In another seven subjects the effect of glucose administration on renal bicarbonate threshold was determined on day 4, 7, 9, 11, 13, 15, or 19. The data from seven subjects who had fasted for at least 18 days were utilized to compose a sodium balance study, five of whom went on to the refeeding portion.
Tubular maximum reabsorption of bicarbonate (Tm-HCO.,). Measurement of TmHCO3 was performed by the constant infusion of a solution containing 1.26 g/100 ml NaHCO3 at a rate calculated to increase serum bicarbonate by 4 mmoles/liter per hr until urine pH exceeded 6.10, at which time infusion rate was increased by 50%. Urine was collected in consecutive 10-20 min specimens from a urethral catheter draining into a graduated cylinder containing mineral oil. Venous blood samples were obtained anaerobically and without the use of tourniquets at the midpoint of each urine collection. Samples of both urine and blood were analyzed immediately for pH and Pco,. Glomerular filtration rate was estimated by the clearance of fresh iothalamate-"25I (Glofil; Abbot Laboratories, North Chicago, Ill.) (3).
The serum bicarbonate concentration was calculated from the Henderson-Hasselbach equation using values of pK' and S of 6.10 and 0.0306, respectively. Value of pK' was calculated for each urine sample using the formula: pK' = 6.33 -0.5 %'Na + K (4) .
Tubular bicarbonate threshold (T-HCOs). Serum bicarbonate concentration in all remained significantly higher than their prefast concentrations throughout the refeeding period (P < 0.01). Black represents subjects receiving NaCl; interrupted, the subjects receiving NaHCO3.
mined by the infusion of a solution containing 1.26 g/100 ml NaHCO3 at a rate calculated to increase the serum bicarbonate by 4 mmoles/liter per hr while urine from an indwelling catheter draining into a cylinder containing mineral oil was monitored for pH and Pco2 at 10-15-min intervals. When the urine pH reached 6.10,3 the infusion was stopped and 25 g of isotonic glucose were given orally over a 30 min period. After glucosuria ceased, the bicarbonate infusion was resumed. Urine pH, which invariably decreased in the interim, was monitored until it again reached 6.10. Venous blood was drawn at the midpoint of each urine collection period and at the time urine pH reached 6. z-00
Net acid excretion on the last 2 fasting days (F) and on each day of glucose administration (G1-G4) of the five subjects of the refeeding study; negative values indicate net alkali excretion. A prompt decline of acid excretion occurred on the 1st day of glucose administration in all subjects. Thereafter, those receiving NaCl (black) continued to excrete 25-46 mEq/day of net acid, while those receiving NaHCOs (crosshatched) excreted varying amounts of the ingested bicarbonate. The insert shows urinary pH over this period, demonstrating that an acid urine continued throughout refeeding in those receiving NaCl (black lines). The urine of one subject on NaHCOs (broken lines) remained acid on the 1st and 2nd day of refeeding, after which a portion of the ingested bicarbonate was excreted. The urine pH of the other subject on NaHCO3 (who had the least degree of systemic alkalosis during refeeding) rose to 7.34 on the 1st day and to 7.9-8.1 thereafter, with excretion of large quantities of net alkali.
of measured intake with measured urinary excretion on a 24-hr basis. This method was felt to be reasonably accurate: stools were rare and previous studies have demonstrated that fecal sodium losses are negligible in fasting subjects receiving sodium supplements of similar magnitude (6); skin chloride losses during fasting are less than 2 mEq/day (7 
RESULTS
Refeeding study. Refeeding was accomplished in five subjects (three on NaCl and two on NaCHO3) by the administration of 300 g/day of glucose (20 g/hr over a 15 hr period) for 4 days, while ingestion of electrolytes continued unchanged. All promptly developed metabolic alkalosis (Fig. 1) FIGURE 3 Daily sodium balance in five subjects on the last 2 fasting days (F) and during glucose administration (G1-G4). In neutral daily balance at the beginning of refeeding, all retained large amounts of the ingested sodium from the 1st day of refeeding with glucose, and no clear reduction of this retention was apparent over the 4 days of observation. Subjects on NaCl are in black, those on NaHCO3 are crosshatched.
P < 0.01). At the end of refeeding, serum bicarbonate concentration varied from 29.2 to 35.2 mmoles/liter, individual increments over prefast levels of 2.4 to 9.6 mmoles/liter (mean 5.6+1.2; P < 0.01). Fig. 2 illustrates net acid excretion (TA + NH4+ -HC03-) on the last 2 days of fasting and during refeeding. There was a prompt decline in all subjects on the 1st day of glucose ingestion. Subsequently, those receiving NaCl continued to excrete 24-46 mEq/ day of net acid, while those given NaHCO3 declined to negative values for net acid, as bicarbonate excretion increased. The antinatriuretic effect of glucose was pronounced: patients given NaCl retained 77-99% of the ingested load each day and accumulated positive sodium balances of 322 and 392 mEq, while those receiving NaHCO3 retained 51-87% of the ingested dose (Fig. 3) . All subjects gained weight and developed mild edema.
Effect of fasting on bicarbonate reabsorption. Initially all subjects had T-HCO3 values of less than 28 mmoles/liter as evidenced by their prefast serum bicarbonate concentrations and random urine pH values of greater than 6.10. During early fasting the T-HCO3 was either normal or slightly depressed, but by the 7th day of fasting it was greater than the prefast value in all 10 of the studies (P < 0.001). Similarly the TmHCO3 was elevated in all six of the studies in which this value was determined after the 7th day of fasting. A summary of all the data on bicarbonate reabsorption is presented in Table I. Typical protocols   are shown in Tables II and III. Sodium balance stutdy. Daily sodium balance in two typical studies is depicted in Fig. 4 . With the onset of fasting a natriuresis (urinary sodium excretion greater than intake) occurred in all patients for up to 6 days, resulting in cumulative sodium deficits of 69-165 mEq (mean 103.5±14.4). By the 7th fasting day all subjects were in positive daily sodium balance and they retained sodium until about the 14th day. Thereafter, urinary sodium excretion approximated intake. No significant difference in sodium balance was noted between the subjects receiving NaCl and those given NaHCO3. This triphasic pattern for cumulative sodium balance is illustrated in Fig. 5 . As a group, the greatest cumulative sodium deficit occurred on the 5th fasting day, averaging 99.1±13.6 mEq. This deficit was then obliterated as sodium retention occurred. Mean cumulative balance was nil at the end of the 8th day and progressively positive until the 14th day when it averaged (+) 183.8 +13.2 mEq (range 165-222). Throughout the remainder of the fasting period external balance remained unchanged. The possibility that surreptitious food intake accounted for the observed sodium retention is excluded because it occurred in all patients at the same time, and because systemic acidosis and ketonuria continued unabated. Chloride balance. There was a marked difference in the excretion of chloride in the patients receiving NaCl or NaHCO3. The former group, who received the same quantity of chloride before and during fasting, developed a chloruresis during the 1st wk of starvation. During the phase of sodium retention urinary chloride excretion diminished. The subsequent period of neutral daily sodium balance was characterized by an essentially neutral daily chloride balance. In those subjects receiving NaHCOs, chloride excretion declined over the 1st wk of fasting to low levels. Chloride was then retained concurrently with sodium, and there was a simiGlucose-Induced Alkalosis in Fasting Subjects (NaCl) or 160 (NaHCOs) mEq/day. The initial sodium deficit of fasting was followed by a period of reaccumulation of sodium culminating in a mean excess of about 180 mEq. "Escape" then occurred with no further change in cumulative sodium balance. lar eventual appearance of neutral daily chloride balance. Positive cumulative chloride balance occurred in both groups. Fig. 6 depicts these results.
Potassium balance. The maneuver of abruptly increasing potassium intake from 40 to 60 mEq/day at the inception of fasting diminished total body potassium deficits, principally by producing a positive balance in the-first few days of fasting. Although a kaliuresis of fasting occurred, with mean potassium excretion rising from 45.2±6.7 mEq on the 1st day to 63.2±3.1 on the 5th day, daily balance was minimally negative. Cumulative potassium deficit was limited to less than 50 mEq in all patients. As kaliuresis subsided, all patients came to positive cumulative potassium balance. These data are depicted in Fig. 7 . Serum potassium remained between 3.8 and 4.5 mEq/liter throughout. Serum values. Serum sodium remained unchanged from the prefast concentration throughout the period of observation. The mean serum bicarbonate concentration in subjects receiving NaHCO3 did not fall below 18.0 mEq/liter (8th day) and thereafter rose gradually to 21.6 at the 18th day. In those receiving NaCl, the lowest mean value of 14.5 mEq/liter was reached on the 6th through 8th days, after which there was a gradual rise to 17.9 by the 18th day. The serum chloride concentration varied reciprocally. In subjects receiving NaCl, this rose from a prefast mean of 104 mEq/liter to 108 by the 3rd day and remained at this level. In patients given NaHCO8, serum chloride fell from the same prefast mean to the range of 100-102 by the 3rd day, and this similarly persisted.
Weight loss. The mean total weight loss at the end of the sodium retaining phase (14th day) was 6.7±0.6 kg this is significantly less weight loss (P < 0.001) than similar subjects studied by us who did not receive sodium supplements and averaged 9.5±0.4 kg weight loss at 14 days.
DISCUSSION
The observation of metabolic alkalosis when fasting patients resume food intake was first reported by Lennox in 1926 (1) . More recently, Rapoport, From, and Husdan described metabolic alkalosis in three of four fasting subjects upon return to mixed diets (2) . We studied this metabolic alteration in detail and have documented the regular occurrence of alkalosis when fasting was terminated by glucose feedings. The serum bicarbonate level in all subjects during refeeding was significantly higher than in the prefast period. While this study does not establish the duration of this alteration in acid-base balance, data obtained on other subjects after fasting who were ingesting a mixed diet at home indicate that some degree of metabolic alkalosis may persist for up to 2 wk. This is approximately the same duration as that of the postfast tendency for sodium retention.
The data indicate that several factors were responsible for the alkalosis of refeeding. These include: (a) an increased renal bicarbonate reabsorptive capacity which occurs as a direct result of fasting, (b) a further increment in this parameter subsequent to the ingestion of glucose, and (c) elevation of serum bicarbonate concentration to alkalotic levels by generation of "new" bicarbonate (metabolism of ketone bodies to bicarbonate, excretion of net acid. and additional mechanisms not detectable by balance methods). The major change in bicarbonate reabsorptive capacity occurred during fasting and before refeeding. Table I indicates that T-HCO3 was normal or slightly depressed during early fasting but then became elevated and remained above normal through the end of the 3rd wk. In the six subjects in which Tm was determined, the increased threshold was associated with a proportionate rise in TmHCO3. Fasting, therefore, causes no increase in the splay of the bicarbonate titration curve, and its effect on bicarbonate reabsorption is similar to that of elevated Pco,, potassium deficiency and chloride depletion (10) (11) (12) .
Our data indicate that none of these factors were present in our patients. All developed the metabolic acidosis of starvation, with compensatory hypocapnia (Fig. 1) . Although our subjects developed a kaliuresis of fasting, potassium supplements resulted in an external potassium balance which never became significantly negative (Fig. 7) . Drenick, Blahd, Singer, and Lederer (13) have shown that intracellular potassium liberated by protein metabolism provides a significant quantity of potassium during starvation, so that after the 3rd wk of fasting total potassium balance is neutral in subjects not receiving potassium supplements. The total potassium balance in our subjects was therefore probably much more positive than our calculations indicate. Our estimation of the external sodium balance is supported by chloride balance data (Fig. 6 ) and the diminished weight loss observed in these patients. Sodium balance averaged (+)180 mEq at the end of the 14th fasting day, and subtraction for as- (14) . Furthermore, our conclusion that the increase in bicarbonate reabsorptive capacity is not due to deficits of sodium chloride or potassium is supported by the observations of a normal bicarbonate threshold during early fasting when negative balances of these substances were maximal, and of an increased bicarbonate reabsorption during later phases of fasting when these deficits were being repaired (Table I) . The administration of glucose, both acutely and over prolonged periods (refeeding study), was followed by a further increase in the elevated bicarbonate reabsorptive capacity due to fasting per se. (16) have presented evidence that when volume expansion is prevented or when subjects are avidly retaining sodium, no Tm for bicarbonate is demonstrable. These observations suggest that bicarbonate reabsorption is in large part a function of renal sodium handling: i.e., that volume expansion inhibits bicarbonate reabsorption by depressing sodium reabsorption, and that volume contraction by augmenting sodium conservation increases bicarbonate reabsorption. This interpretation is supported by our results over the first 2 wk of fasting which demonstrate that bicarbonate reabsorption is normal or slightly depressed during the salt-losing phase but is elevated during the sodium conserving phase (Table I) . Further, the augmentation in bicarbonate reabsorption during refeeding with glucose is accompanied by a simultaneous increase in sodium reabsorption (Fig. 3) . Thus, the mechanism by which glucose promotes sodium retention during fasting
